Although the kidney represents a target for the accumulation and toxicity of arsenic, little is known about the molecular targets of arsenic in this organ. Therefore, these studies were designed to examine the molecular impact of arsenite [As(III)] and arsenate [As(V)] at low (nanomolar) concentrations. Precision-cut rabbit renal cortical slices were challenged with As(III) or As(V) for up to 8 h. Neither form of the metal induced overt cytotoxicity as assessed by intracellular K ؉ levels over this time period at concentrations from 0.01-10 M. In addition, no alterations in the expression of Hsp 60, 70, or 90 were observed. However, induction of heme oxygenase-1 (Hsp 32) was seen following a 4-h challenge with As(III), but not with As(V). As(III) and As(V) induced DNA binding of AP-1 at 2-and 4-h exposure; following a 6-h exposure there was no difference. Although no alteration in the DNA binding activity of ATF-2 was induced by As(III) or As(V), both forms enhanced the DNA binding activity of Elk-1. Enhanced DNA binding activity of AP-1 and Elk-1 correlated with increased gene expression of c-fos, but not c-jun, at 2 h. c-myc gene expression was also induced by As(III) and As(V), albeit at a later time point (6 h). These results suggest that acute arsenic challenge, by either As(III) or As(V), is associated with discrete alterations in the activity of signaling pathways and gene expression in renal tissue.
Arsenic is a major environmental contaminant with a diverse range of detrimental health effects, including skin and lung cancers (Sommers and McManus, 1953 ; reviewed in Hayes, 1997) , neurotoxicity (Franzblau and Lilis, 1989) and peripheral vascular disease (blackfoot disease) (Lin et al., 1998; Tseng et al., 1996) . Elucidation of the effects of arsenic is complicated by the speciation of the metal. Arsenic may exist in several forms, including inorganic forms -arsine [As(-III)], arsenite [As(III)], and arsenate [As(V)], as well as methylated (organic) species. While both As(III) and As(V) are nephrotoxic, they have distinct biochemical properties. As(III) has a high affinity for sulfhydryl groups and As(V) mimics phosphate and is an uncoupler of oxidative phosphorylation (Snow, 1992) .
Arsenic concentrates in the kidney during the urinary elimination (Ginsberg, 1965; Ginsberg and Lotspeich, 1963) , thus this organ cannot avoid exposure. Accordingly, proximal tubule cells appear to be the major target (Brown et al., 1976) . Although arsenic is a potential nephrotoxin (Fowler, 1993) , understanding of the molecular targets of this metal in the kidney is limited. Precision-cut renal slices are an in vitro system which maintains normal kidney architecture and heterogeneity (reviewed in Gandolfi et al., 1996) . This is of importance, given the cell-specific effects of several nephrotoxicants, and slices have been used to define these effects with a variety of insults (Ruegg et al., 1987; Wolfgang et al., 1989) . In addition, renal slices accumulate metals as happens in vivo (Keith et al., 1995) and have been used previously to investigate the cytotoxicity of metals, including arsenic (Burton et al., 1995; Ruegg et al., 1987) . However, an issue, which remains to be addressed, is the effect of arsenic on renal tissue at the low concentrations that may be encountered in the environment.
The cellular response to stress involves a variety of highly conserved signaling pathways, including heat shock protein (Hsp) synthesis and gene expression (reviewed in Morimoto et al., 1997; Schaffner, 1998) . Metals, including arsenic, have been shown to induce both Hsps and gene expression (Germolec et al., 1996; . Interestingly, activation of the mitogen-activated protein kinase (MAPK) pathway is a conserved stress response (Karin, 1995) . The extracellular signal-regulated kinase (ERK), jun N-terminal kinase (JNK), and p38 are serine-threonine kinases, which are part of the MAPK pathway that regulates the activity of several transcription factors, including activating protein-1 (AP-1), ATF2 and Elk-1. c-jun expression is regulated via AP-1 or ATF2 (Karin, 1997) . Conversely, Elk-1 can induce c-fos transcription (Cavigelli et al., 1995) .
The present studies were designed to assess the acute molecular response of precision-cut rabbit renal cortical slices to As(III) and As(V). These studies contribute to the elucidation of potential nephrotoxic mechanism(s) of arsenic and begin to Western blot analysis. Induction of heat shock proteins was determined by Western blot analysis. Slices were homogenized in lysis buffer (4% SDS), and protein concentration was determined using a modified BCA method (Lowry et al., 1951) . Forty g of protein was added to an equal volume of sample buffer [40% (v/v) glycerol, 10% (w/v) ␤-mercaptoethanol, 10% (w/v) SDS, 0.31 M Tris-HCl (pH 6.8), 25 mM EDTA and 0.1% (w/v) bromophenol blue] and boiled for 5 min. Proteins were separated on a 10% (w/v) polyacrylamide gel and transferred to a membrane (90 V, 2 h). The membranes were blocked overnight with 5% nonfat drymilk in TBST [0.1 M Tris, pH 7.5, 0.1 M NaCl, 0.1% prior to the addition of the primary antibody for 2 h. The Hsp 60, 70, and 90 antibodies were monoclonal, the Hsp 32 antibody was a polyclonal antibody. Following 3 washes in TBST, the secondary antibody conjugated to horseradish peroxidase was added for 2 h and the membranes washed 3ϫ in TBST prior to visualization, using a modified DAB detection method. Western blots were analyzed using the 1-D software package (Scanalytics, Boston, MA) and results presented as fold induction for 3 separate experiments.
Electrophoretic mobility shift assays (EMSA). Nuclear extracts were prepared from tissue slices as previously described (Parrish et al., 1998) . Briefly, slices were homogenized in HEGD buffer [25 mM HEPES, 1.5 mM EDTA, 10% glycerol, 1 mM DTT, 0.5 mM PMSF]. Nuclei were collected at 9000 rpm in a variable-speed microfuge and washed 2ϫ with HEGD buffer. Nuclear proteins were extracted by incubation with 50 l of HEGDK buffer [25 mM HEPES, 1.5 mM EDTA, 10% glycerol, 0.5 M KCl, 1 mM DTT, 0.5 mM PMSF] for 1 h on ice. Nuclear ghosts were removed by centrifugation at 9000 rpm in a microfuge, and the supernatant (nuclear extract) was stored at -80°C and used within 2 weeks. Protein concentration was determined by the method of Bradford (1976) . For EMSA reactions, 5 g nuclear extract was incubated with 10 fmol of double-stranded, [
32 P]-labeled oligonucleotide for 30 min. Binding reactions were performed in a final concentration of 0.25X HEGDK, 20% glycerol, 2 mM DTT, and 75 ng poly(dIdC) in a total volume of 20 l. Two l of 50% glycerol, 0.1% bromophenol blue, 0.1% xylene cyanol was added and reactions were loaded on 5% nondenaturing polyacrylamide gels. Gels were dried and exposed to Kodak X-OMAT film for autoradiography at room temperature without an intensifying screen for 4 -6 h. The following oligonucleotides (double-stranded) were used:
Gene expression. Total RNA was harvested from slices using TRI-Reagent (Sigma Chemical Co., St. Louis, MO) and quantitated spectrophotometrically (260/280). Two hundred ng of RNA was reverse-transcribed using 2.5 U/l of murine leukemia virus reverse transcriptase in a reaction mixture containing PCR buffer [50 mM KCl, 10 mM Tris-HCl (pH 8.3), 5 mM MgCl 2 , 1 mM dNTPs, 2.5 M oligo d(T) and 1 U/l of RNase inhibitor] in a total reaction volume of 20 l. The products were then used for PCR amplification (9600 Perkin Elmer, Foster City, CA) programmed to cycle at 95°C for 30 s, 56°C (c-jun)/58°C (c-fos) for 45 s, and 72°C for 45 s for 35 cycles. PCR primers were based on published reports, c-jun (Osbaldeston et al., 1995) and c-fos (Maas, et al., 1995) . The PCR products were separated on a 2% agarose gel and visualized by ethidium bromide staining. Gels were analyzed with the 1D software package (Scanalytics, Boston, MA) and results are presented as fold induction for 3 separate experimental animals.
Data analysis.
Values always represent mean Ϯ SD of 3 or 4 animals. Data was analyzed by ANOVA followed by a Student-Newman-Keuls posthoc test; values were considered significant at p Ͻ 0.05.
RESULTS

Cytotoxicity
Initial experiments were designed to determine the viability of precision-cut rabbit renal cortical slices following challenge with nanomolar concentrations of As(III) or As(V). Over an 8-h exposure, As(III) or As(V) did not significantly decrease intracellular K ϩ levels at any of the concentrations (0.01-10 M) tested (Fig. 1) , suggesting that cell viability was not affected. This interpretation was strengthened by the finding that neither As(III) or As(V) induced Hsp 60, 70, or 90 protein expression (Fig 2) . However, 0.1-10 M As(III) significantly enhanced Hsp 32 (heme oxygenase-1) expression following 4 h of exposure. As(V) did not affect Hsp 32 protein expression at this time point. Interestingly, As(III) did not enhance Hsp 32 expression at later time points (data not shown).
Transcription Factors
Hsp 32 expression is regulated, in part, by the AP-1 transcription factor (Camhi et al., 1998; Lee et al., 1996; Oguro et al., 1996) . Therefore, we next examined the effect of As(III) and As(V) on the stress-activated/jun N-terminal kinase (SAP-K:JNK) pathway. Previous studies have suggested that As(III) may enhance JNK activity (Cavigelli et al., 1996; Liu et al., 1996a) and c-jun expression (Cavigelli et al., 1996) , although these studies were performed using higher concentrations of the compound in less integrated in-vitro systems. The impact of As(III) and As(V) on transcription factors that comprise this pathway was determined by DNA binding assays. Both As(III) and As(V) induced AP-1 DNA binding activity following 2-h (Fig. 3) and 4-h (data not shown) challenges. No significant differences were observed at 6 h (data not shown). Neither form of arsenic altered the DNA binding of ATF2 (data not shown); however, both As(III) and As(V) enhanced Elk-1 activity at 2 h (Fig. 4) . The specificity of all DNA binding experiments was demonstrated by the ability of unlabeled specific or non-specific oligonucleotide to compete for the band of interest (data not shown).
Gene Expression
Several genes lie downstream of the SAPK pathway, including the early-immediate c-jun and c-fos proto-oncogenes. c-jun expression is regulated via AP-1 and ATF2 (Karin et al., 1997) , while transcription of c-fos is thought to be mediated via Elk-1 (Cavigelli et al., 1995) . Interestingly, induction of AP-1 activity did not correlate with a significant enhancement of c-jun gene expression (Fig. 5) . However, a significant increase in c-fos expression was seen at 2 hr by both compounds. These
FIG. 1. Intracellular K
ϩ in precision-cut rabbit renal cortical slices following arsenite [As(III)] or arsenate [As(V)] challenge. Precision-cut slices were pre-incubated for 1 h prior to the addition of As(III) or As(V) (0.01-10 M) for up to 8 h. At the indicated times, intracellular K ϩ levels were measured and normalized to DNA. Each data point represents the mean Ϯ SD of 3 experimental animals. No significant differences between control and chemically challenged slices were seen.
FIG. 2.
Heat shock protein expression in precision-cut rabbit renal cortical slices following 4 h of challenge by arsenite [As(III)] or arsenate [As(V)]. Precision-cut slices were pre-incubated for 1 h prior to the addition of As(III) or As(V) (0.01-10 M) for 4 h. At top, a representative Western blot of Hsp 90, 70, 60, and 32. Below, densitometric analysis of Hsp 32 expression from 3 independent experiments; *indicates a significant difference from control (p Ͻ 0.05). alterations were not due to a generalized increase in transcription as gene expression of cyclophilin was not changed by As(III) or As(V). We also examined c-myc, a gene known to be induced by arsenic in several cell lines (Germolec et al.., 1996; 1997; Shimizu et al., 1998) . Although c-myc gene expression was not enhanced at early time points (2-4 h), by 6 h, both As(III) and As(V) (0.1-10 M) induced myc expression (Fig.  6) . The effects on gene expression were separated temporally, as enhanced c-fos expression was observed only at 2 h, while c-myc gene expression was enhanced at 6 h (Fig. 7) .
DISCUSSION
This study was designed to elucidate molecular alterations in renal tissue following low level As(III) or As(V) exposure in renal cortical slices. The results suggest that both arsenic species affect cell signaling and gene expression at low (nanomolar) concentrations in renal tissue. As opposed to efforts at elucidating components of the JNK/AP-1 pathway using As(III) as a cell stress signal (Cavigelli et al., 1996; Liu et al. 1996a; Ludwig et al. 1998) , it is critical to note that the concentrations of both As(III) and As(V) used in this study are much lower (at least 5-50ϫ) and the effects were observed in a relevant target tissue.
The results demonstrated that overt cytotoxicity did not occur, as assessed by intracellular K ϩ levels. Interestingly, no induction of Hsp 60, 70, or 90 was observed while heme oxygenase-1 (Hsp 32) was induced by As(III), but not As(V). Taken together, however, these results indicate that low concentrations of As(III) and As(V) did not induce overt cytotoxicity, but were associated with a selective alteration in intracellular signaling pathway(s). AP-1 has been implicated in the regulation of heme oxygenase-1 (Hsp 32) in several studies (Camhi et al., 1998; Lee et al., 1996; Oguro et al., 1996) . Interestingly, the mouse and rat heme oxygenase-1 promoters contain a putative metal regulator element, however distal 5Ј sequences containing AP-1 binding sites (Alam and Den, 1992) are required for induction by heavy metals (Alam et al., 1994) . In agreement with this interpretation, Elbirt et al. (1998) have shown that AP-1 is involved in the induction of heme oxygenase-1 by sodium arsenite.
The finding that As(III) activates the JNK/AP-1 signaling cascade is supported by several reports which have employed sodium arsenite as a cellular insult to investigate stress-activated signaling pathways. Cavigelli et al. (1996) demonstrated that 50 M As(III), but not As(V), induces c-fos and c-jun gene expression in Hela cells. This was due to activation of JNK and p38, putatively through inactivation of a constitutive dualspecificity protein phosphatase in Hela cells. No effect was seen on the activation of ERK (p42 and p44). This is supported by the work of Liu et al. (1996a) which showed that 400 M As(III) induces JNK and p38 activity in Rat-1 embryonic fibroblasts and only moderately activated ERK. This was interpreted to involve oxidative stress, as activation of either kinase was blocked by the glutathione precursor N-acetyl-Lcysteine. In contrast, Ludwig et al. (1998) have demonstrated that 0.5 mM As(III) activates ERK and p38 in several cell lines. In precision-cut rabbit renal cortical slices, however, induction of the DNA binding activity of AP-1 and Elk-1 was induced at equimolar concentrations of As(III) and As(V).
FIG. 6.
c-myc gene expression in precision-cut rabbit renal cortical slices following arsenite [As(III)] or arsenate [As(V)] challenge. Precision-cut slices were pre-incubated for 1 h prior to the addition of arsenite or arsenate (0.01-1 M) for 6 h. Above, representative results from a typical experiment. Below, densitometric analysis of c-myc gene expression from 3 independent experiments; *indicates a significant difference from control (p Ͻ 0.05).
FIG. 7.
As-induced gene expression in precision-cut rabbit renal cortical slices. Precision-cut slices were pre-incubated for 1 h prior to the addition of arsenite or arsenate (0.1 M) for 2-6 h; *indicates a significant difference from control (p Ͻ 0.05).
Interestingly, effects were observed in renal tissue slices at much lower concentrations than those previously used to investigate the molecular impact of As(III).
Both As(III) and As(V) induced c-fos, which may be explained in part by the finding that both compounds enhanced Elk-1 DNA binding, respectively. This finding is in agreement with Cavigelli et al. (1996) . In addition, c-fos is induced by As(III) (300 mM) in C3H10T1/2 cells and it was suggested that this may be via a casein kinase II pathway through the serum response element (van Delft et al., 1993) . Work that is more recent has shown that a heat shock element within the c-fos promoter region may be responsible for the induction of this gene by arsenite (Ishikawa et al., 1999) . Thus, the ability of arsenic to induce gene expression may be regulated by the interplay between several signaling pathways. It has been established that the c-jun promoter region contains two AP-1 sites, a site for classic jun/fos heterodimers and a site for c-jun/ATF-2 heterodimers. This latter site is largely responsible for c-jun induction (van Dam et al., 1993; 1995) , therefore, it is not surprising that the larger changes in c-jun expression were not observed following As challenge, given the lack of effect of As on ATF2 DNA binding. The finding that c-fos was induced by As(III) and As(V) at these concentrations is also consistent with finding that 1 M As(III) induces c-fos and c-myc gene expression in vitro (Germolec et al., 1996; 1997; Shimizu et al., 1998) .
Although much attention is focused on a role of AP-1 in apoptosis (Colotta et al., 1992) , it may provide a protective function against stress, including irradiation (Schrieber et al., 1995) . Involvement of AP-1 via activation of JNK has clearly been ruled out in Fas-and TNF-induced apoptosis (Lenczowski et al., 1997; Liu et al., 1996b) . Therefore, the activation of AP-1 signaling in precision-cut rabbit renal cortical slices may be a survival or death signal for cells, a question that we are currently pursuing. In addition, the role of AP-1 in the regulation of several genes implicated in renal fibrosis, including matrix metalloproteinases (Lin et al., 1993) and tissue inhibitors of metalloproteinases (Logan et al., 1996) , is of interest given the report that arsenic may initiate renal tubulointerstitial fibrosis (Prasad and Rossi, 1995) .
The finding that As(III) and As(V) induced a similar magnitude of changes was surprising given that pentavalent arsenic is a less potent cytotoxicant than trivalent arsenic in several cell systems (Repetto et al., 1994; Shimizu et al., 1998; Tabocova et al., 1996) . Accordingly, As(III), but not As(V), induced Hsp 32 expression, a marker of cell injury. However, most of these reports are dealing with substantial cellular injury using higher concentrations of As(III) and As(V). Our study addresses the response of a susceptible tissue (kidney) at low levels of exposure. In this instance, the "phosphate mimicry" of As(V) and the "sulfhydryl reactivity" of As(III) may produce similar sub-cytotoxic insults. It should also be mentioned that As(V) may be converted to As(III), so comparable results may be expected. The capacity of the precision-cut slice system for this metabolism has yet to be determined. The selective molecular alterations induced by As(III) and As(V) are also metal-and organ-specific, as neither form induced Hsp 32 expression or AP-1 DNA binding in rat liver slices (Gandolfi et al., unpublished observations) . In addition, cadmium chloride (0.1-1 M) did not induce Hsp 32 or AP-1 in precision-cut renal slices (Gandolfi et al., unpublished observations) . However, mercuric chloride enhances c-jun, but not c-fos, expression in the renal slices (Turney et al., submitted for publication), suggesting some overlap between signaling pathways induced by metals in the kidney.
Several important conclusions can be drawn from these studies. First, arsenic [As(III) and As(V)] elicited discrete molecular alterations in renal tissue, which is a target for the accumulation and toxicity of arsenic. Secondly, As(III) and As(V) elicit equipotent alterations in transcription factor DNA binding and gene expression, although a temporal and concentration difference exists between the two species in Hsp 32 induction. Finally, these molecular alterations occurred at lower concentrations than had previously been reported, with the peak effects of both species elicited at approximately 0.1-1 M. These data establish a molecular basis upon which the mechanism(s) underlying the nephrotoxicity of arsenic can be further investigated.
